The constituent quark model with color-spin hyperfine potential is used to investigate the property of a compact pentaquark configuration with J p =3/2 − and isospin=1/2, which is the most likely quantum number of one of the recently observed exotic baryon states at LHCb. Starting from the characterization of the isospin, color, and spin states for the pentaquark configuration, we construct the total wave function composed of the spatial wave function, which we take to be symmetric and in S-wave, and the four orthogonal isospin ⊗ color ⊗ spin states that satisfy the Pauli principle. We then use the variational method to find a compact stable configuration. While there are compact configurations where the hyperfine potential is more attractive than the sum of p and J/ψ hyperfine potentials, we find that the ground state is the isolated p and J/ψ state. Furthermore, the mass of the excited state lies far above the observed pentaquark state leading us to conclude that the observed states can not be a compact multiquark configuration with J p =3/2 − .
I. INTRODUCTION
After the introduction of the quark model for the baryon and meson [1] and the color quantum number for quarks [2] , model calculations for hadrons natural led to the possible existence of mutiquark hadrons beyond the normal hadrons [3, 4] . Indeed, recent experimental findings point to the possible existence of such configurations; these are the XY Z states with the X(3872) being the first of these states observed by the Belle collaboration [5] . The XY Z states could be either compact tetraquark states composed of two quarks and two antiquarks or molecular states with their masses close to the relevant two meson thresholds.
Molecular configurations involving heavy mesons were first discussed in Ref. [6] where deuteronlike mesonmeson bound states were found to exist when a long range pion exchange potential was included with additional short range attraction depending on the mass of the meson. The possible bound states included a DD * state in the isopin 0 and J P C = 1 ++ channel, which is the quantum numbers of the X(3872). After the experimental observation of X(3872), attempts to explain the state in terms of molecular configuration with important contribution coming from the pion exchange potentials still continues to this date [7] [8] [9] [10] [11] .
Numerous efforts have been made to explain the mass of the charmonium-like state using various other approaches. In a non-relativistic quark model that includes a confining interaction and a short range spin-dependent interaction through the one gluon exchange as well as an effective pion-induced interaction, it was argued that * diracdelta@hanmail.net † lacid0220@naver.com ‡ sungtae.cho@kangwon.ac.kr § Corresponding author; suhoung@yonsei.ac.kr the X(3872) can be a DD * hadronic resonance with important admixtures of ρJ/ψ and ωJ/ψ states [12] . In Ref. [13] , the X(3872) was considered as a weakly bound molecular state found in the combination of {D, D * } with {D,D * } states based on a quark based non-relativistic four-body Hamiltonian with a pairwise interaction.
There are also models that find X(3872) to be a tetraquark system. These include methods based on a diquark-antidiquark model [14, 15] , the QCD sum rule [16] , and a simple quark model with chromomagnetic interactions [17] [18] [19] . In a lattice QCD calculation [20] , it was shown that a candidate for X(3872) with I = 0 could only be found if both thecc andDD * interpolators are included, while no signal was found if diquark-antidiquark andDD * are used without acc component.
Recently, the observation of hidden-charm pentaquark states by the LHCb collaboration [21] , has triggered another wave of works among many researchers. The J/ψp invariant mass spectrum of Λ b → J/ψK − p revealed hidden-charm pentaquark states, for which the preferred quantum numbers are J p =3/2 − for P c (4380) and J p =5/2 + for P c (4450). In fact, even before the discovery was made, possible hidden-charm molecular baryons composed of anti-charmed meson and charmed baryon, such as the of Σ cD * states with I( − ), were proposed to exist within the one-boson-exchange model [22] . The two hidden-charm pentaquark states were also found to be loosely bound Σ cD * and Σ * cD * molecular states, respectively, within a boson exchange interaction model [23] . Furthermore, in a meson exchange model [25] , P c (4380) with J p =3/2 − was produced from Σ are quite likely, one can not rule out the possibility that these states are compact multiquark configurations based on a strong diquark-antidiquark pair [26] or quark interactions in general [27] . To distinguish these two configurations, it is important to fully explore these two possible scenarios. In this work, we will explore the possibility that one of the pentaquark is a compact multiquark configuration within a constituent quark model based on the color and spin hyperfine potential [28] , which is known to reproduce the masses of the normal meson and baryon states. In particular, in order to asses the possibility that the P c (4380) is a compact multiquark state, we will classify the isospin, color, and spin states for the pentaquark system containing a heavy quark and an antiquark with J p =3/2 − and isospin=1/2 from the view point of the permutation group which is used in characterizing a certain symmetry so that the isospin, color, and spin states can be represented in terms of the irreducible YoungYamanouchi bases. We will then systematically construct the isospin ⊗ color ⊗ spin states satisfying the Pauli principle from the coupling scheme appearing in the combination of any two states. We then use the variational method to calculate the ground state mass of the pentaquark with J p =3/2 − and isospin=1/2. This paper is organized as follows. In Sec. II, we first introduce the Hamiltonian describing the constituent quark model, and determine the fitting parameters of the model so as to reproduce the mass of the baryons and mesons associated with the thresholds. Then, by using the variational method, we construct the spatial wave function suitable for a baryon and a meson. In Sec. III, we represent the isospin, color, and spin states and then construct the isospin ⊗ color ⊗ spin states with respect to I = 3/2 and I = 1/2 in two independent basis, which can be transformed into each other through an orthonormal matrix. We analyze the numerical results obtained from the variational method in Sec. IV. We finally give a summary of the paper in Sec. V.
II. HAMILTONIAN
To investigate the stability of the pentaquark in the non-relativistic frame work, the Hamiltonian is chosen to take the confinement and hyperfine potential for the color and spin interaction;
where m i 's are the quark masses, λ c i /2 the color operator of the i'th quark for the color SU(3), and V C ij and V
SS ij
the confinement and hyperfine potential, respectively. The confinement potential is usually composed of the linearizing term as suggested by the lattice gauge theory, and the Coulomb-type potential as derived from the perturbative QCD;
The hyperfine potential is given to take the following form, including the spin interaction;
Here, r ij is the distance between interquarks, | r i − r j |, and both r 0ij and κ ′ are chosen to depend on the masses of interquarks, given by
The hyperfine potential in Eq. (3), which becomes 1/(m i m j ) δ(r) in the heavy quark mass limit m i → ∞, is chosen to fit the meson and baryon mass splitting with both light and heavy quarks. The parameters in the Hamiltonian are fitted to the baryons and mesons masses by using the variational method [29] . The fitting parameters are given in Table I , and the calculated masses in Table II .
Since we deal with the pentaquark composed of q(1)q(2)q(3)c(4)c(5) with I = 1/2, where the number indicate the position of the constituent quark, the symmetry of the three light quarks should be taken into account to satisfy the Pauli principle because the total wave function must be antisymmetric among the three light quarks. As we are interested in the ground state, a natural choice would be to take the spatial function to be symmetric, which requires the remaining part of the total wave function to be antisymmetric among the three light quarks. We denote the symmetry (antisymmetry) property by [123] ({123}). In the center of the mass frame, the pentaquark system is reduced into the four-body problem, represented by the four Jacobian coordinates suitable for describing the decay into a baryon and a meson.
We take the spatial function to be a Gaussian which was extensively used with the variational method to handle calculations in many body problem. The four Jacobian coordinates suitable for describing the decay into a baryon and a meson are given by
where the first and second terms represent a baryon configuration, the third a meson configuration, and the last the relative position vector between the center of mass of a baryon and a meson. The boldface letters stand for the vectors. (I,S) ( We then construct a spatial wave function given by
where a 1 , a 2 , a 3 , and a 4 are variational parameters. Since the spatial wave function in Eq. (6) is symmetric only between the particle 1 and 2, we need two additional spatial wave functions so as to satisfy [123] symmetry; one is symmetric between the particle 1 and 3, and the other is symmetric between the particle 2 and 3. The two sets of four Jacobian coordinates are given by
x x x
By using the two set of four Jacobian coordinates, we construct the two spatial wave functions with either [13] symmetry or [23] symmetry. Combining these spatial functions with a certain symmetry into a linear form, we obtain the spatial function with four variational parameters a 1 , a 2 , a 3 , and a 4 which is fully symmetric among the particle 1, 2, and 3 as follows;
The spatial wave function of the pentaquark in Eq. (9) is in a state with total angular moment L = 0, where both the baryon and meson configurations as well as their relative motion is in the S-wave state. The kinetic energy part coming from Eq. (9) is given as
Here p
, where m 1 , m 2 are the light and heavy quark masses respectively, and µ = 5m 1 m 2 /(3m 1 + 2m 2 ). We present f (a 1 , a 2 ) appearing in the kinetic terms of the baryon;
Hence, for the compact mutiquark state to be stable compared to the separated baryon and meson state, the extra attraction coming from bringing the baryon and meson should be large enough to overcome the extra kinetic energy given by the last term in Eq. (10).
III. ISOSPIN ⊗ COLOR ⊗ SPIN STATE OF THE PENTAQUARK
In this section, we will construct the isospin ⊗ color ⊗ spin state appropriate for the q(1)q(2)q(3)Q(4)Q(5) system with I = 1/2 and spin=3/2, where the number in the bracket indicates the position of the constituent quark. The component of three identical light quarks of the pentaquark restricts the total wave function to be antisymmetric with respect to the exchange of any pair among the three light quarks due to Pauli principle. When the spatial function of the pentaquark is chosen to be fully symmetric for the three light quarks, the remaining part of the total wave function should be fully antisymmetric. Therefore, as we are interested in the ground state, the symmetry property of the isospin ⊗ color ⊗ spin state should be taken to be antisymmetric for the particle 1, 2, and 3. We will use {123} notation for the antisymmetry property. Young tableau, which represents the irreducible bases of the permutation group, enable us to easily identify the multi-quark configuration with certain symmetry property. In this paper, we will use the Young tableau and the Young-Yamanouchi basis, which corresponds to the Young tableau in describing the states necessary for the pentaquark. In the following subsections, we first start by separately discussing the isospin, color and spin states consisting of five quarks, and then discuss the total wave function.
A. Isospin states
In the SU(2) flavor symmetry, it is easy to find that the possible isospin (I) states for the three light quarks are 1/2 and 3/2. The Young-Yamanouchi basis corresponding to the I = 1/2 state is as follows:
B. Color states
For the possible color states, we only consider the color singlets which are assumed to be observables in hadron state. There are several ways of obtaining the color singlets for the pentaquark, coming from the direct product, given by
We introduce the two methods which are equivalent to each other, but different in the way of combining the irreducible representation of SU(3). First, since the antiquark corresponds to the antitriplet, we can construct the triplet in the direct product, [3] 
Here, the subscript indicates the irreducible representation of SU(3). Then, we can obtain the three color singlets, combining the triplet in Eq. (13) with the antitriplet of antiquark. We denote the color singlets by,
Secondly, we can decompose the direct product,
C into the direct sum of the irreducible representations, respectively, as follows;
Then, the coupling of either the octet with the octet or the singlet with the singlet in Eq. (15) and Eq. (16) gives the three color singlets of the pentaquark, denoted by,
It should be noted that the color singlets represented in terms of different Young tableau in Eq. (14) and Eq. (17) are the same in a tensor form. We define the color singlets derived from the above methods, as follows;
C. Spin states
For the spin=3/2 pentaquark case, the spin states are represented in terms of Young tableau [4, 1] with four dimension, as follows: 
When we investigate the stability of the pentaquark against the strong decay into a baryon and a meson, it is very convenient to use the spin states related with the decay mode. We denote the four spin states by,
where the subscript indicates the spin state. Due to the orthonormality of the two sets of spin sates, Eq. (19) and Eq. (20) are related by the following orthogonal transformation: Since the isospin, color and spin states represented in terms of the Young tableau have a certain symmetry property, we can construct the isospin ⊗ color ⊗ spin state of the pentaquark which is fully antisymmetric under the exchange of any pair among the particle 1, 2 and 3. For this purpose, depending on how the coupling scheme is implemented, we consider two methods. In the first method, we start from the notation of the color singlets in Eq. (14), and combine the color singlets with spin states by the out product of the permutation group, S 4 , resulting in the color ⊗ spin states for the particle 1, 2, 3, and 4. Then, we can easily obtain the isospin ⊗ color ⊗ spin state with {123} symmetry by coupling of the isospin state with the color ⊗ spin states. In the second method, we start the notation of the color singlets in Eq. (17) , and use the S 3 permutation group applied on the coupling scheme.
According to the permutation group theory [30] , the irreducible basis of S 5 becomes the irreducible basis of S 4 as well, irrespective of the particle 5. When we consider the symmetry property for the particle 1, 2, 3, and 4 in coupling scheme, we can identify the spin states in Eq. (19) with the Young-Yamanouchi bases for Young tableau [4] and Young tableau [3, 1] 
It is necessary to show the outer product between Young tableau [2,1,1] of the color singlets in Eq. (14) and Young tableau [3, 1] of the spin states in Eq. (22) so that we obtain the color ⊗ spin states;
In addition to this, we should consider the outer product between Young tableau [2,1,1] of the color singlets in Eq. (14) and Young tableau [4] of the spin states in Eq. (22);
The coupling scheme designed to construct the isospin ⊗ color ⊗ spin states with the {123} symmetry is completed by using the Clebsch-Gordan (CG) coefficient of the permutation group, S n , which is factorized into the Clebsch-Gordan (CG) coefficient of S n−1 and K matrix [31] , given by, (25) where S in the left-hand (right-hand) side is a CG coefficient of S n (S n−1 ). In this work, we take a similar process which was described in Refs [29, 32] . Below, we show the Young-Yamanouchi bases corresponding to Young tableau [2,1,1] which is obtained from the color ⊗ spin coupling in Eq. (23);
1 3
For the case of Young tableau [2, 2] , which is obtained from the color ⊗ spin coupling in Eq. (23), the YoungYamanouchi bases are as follows;
For the case of Young tableau [3, 1] , which is obtained from the color ⊗ spin coupling in Eq. (23), YoungYamanouchi bases are as follows;
1 3 4 2
For the case of Young tableau [2,1,1], which is obtained from the color ⊗ spin coupling in Eq. (24), the YoungYamanouchi bases are as follows;
To find the isospin ⊗ color ⊗ spin state with {123} symmetry, we finally combine the isospin states in Eq. (12) [2, 2] , and [3, 1] in Eq. (23) . Therefore, we have four isospin ⊗ color ⊗ spin states with {123} symmetry for I = 1/2;
From the notation of the color singlets in Eq. (17) which represents the symmetry of the permutation group, S 3 , we easily see that the |C 3 state has the symmetry property with {123}. For that reason, the isospin ⊗ spin state in combining with the |C 3 state should be fully symmetric in the exchange of any pair among the particle 1, 2, and 3, and the coupling of |C 3 state with the isospin ⊗ spin states gives the isospin ⊗ color ⊗ spin state with {123} symmetry. We denote the isospin ⊗ spin states satisfying fully symmetry, by
On the contrary, since both |S 
We denote another set of the isospin ⊗ color ⊗ spin states satisfying fully symmetry, by
We note that both the states in Eq. (34) and the states in Eq. (38) are orthonormal to each other in four dimension vector space, respectively. It is worthwhile to mention that from a hadron state point of view |ψ 1 accounts for the (p) 1 ⊗ (J/ψ) 1 state, where the subscript indicates the color state, in a fact that the color part consists of the color singlet of a baryon multiplied by the color singlet of a meson, and the spin part contains a baryon with spin=1/2 multiplied by a meson with spin=1 in Eq. (21) . On the other hand, |ψ 2 represents the (p) 8 ⊗ (J/ψ) 8 state as an unphysical state, since the color singlet represents the hidden color, coming from the color octet of a baryon multiplied by the color octet of a meson. The rest corresponds to a unphysical state, resulting from the property of the pentaquark and the Pauli principle.
In a vector space with four dimension where the isospin ⊗ color ⊗ spin states have the symmetry property with {123}, there exists orthogonal matrix which transforms the set of Eq. (38) into the set of Eq. (34), given by,
IV. NUMERICAL RESULTS
In this section, we analyze the numerical results performed using the variational method for the Hamiltonian given in Eq. (1) . For that purpose, we adopt the trial wave function which consists of the spatial function in Eq. (9) and the isospin ⊗ color ⊗ spin states obtained from Sec. III. The trial wave function can thus be expanded as follows:
Before discussing the numerical analysis, it is useful to examine the expectation value of the color spin part of the hyperfine potential, with the spatial dependence factored out, in the matrix form generated by the four independent isospin ⊗ color ⊗ spin states. This hyperfine matrix is essential in identifying possible attraction in the four configurations. A stable or resonant pentaquark state can only exist if the hyperfine potential of the pentaquark configuration is sufficiently attractive compared to that from the sum of a baryon and a meson. The 4 by 4 matrix form of the expectation value of the hyperfine factor of the pentaquark configuration generated by the isospin ⊗ color ⊗ spin states in Eq. (34) is given as follows:
To compare the expectation values of the hyperfine factor of the pentaquark with the corresponding sum of a baryon and a meson, we need to diagonalize -
(41) and compare it to the possible decay channels. The diagonalized form of the matrix - 
As can be seen in Table III , the ground state of the diagonalized hyperfine factor of the pentaquark in Eq. (42) is slightly more attractive than the most attractive p + J/ψ decay channel. This attraction is coming from the term proprotional to 1/m 1 m 2 , which originates from the additional attraction coming from bringing the color octet component of p and J/ψ together, as noted recently in Ref. [24] . However, as we will show below, the attraction is very small and will not compensate for the additional kinetic energy term that arises from making the pentaquark state compact compared to the isolated meson baryon states.
To investigate the mass and the property of the pentaquark with the variational method, we calculate the Schrödinger equation H|Ψ α = E α |Ψ α and diagonalize the 4 × 4 matrix. We find the ground state to be 4087. 6 MeV, which is the sum of the mass of the p and J/ψ in our model. The wave function is given as
where the variational parameters are given as a 1 = 3.4 fm −2 , a 2 = 1.4 fm −2 , a 3 = 11 fm −2 and a 4 ∼ 0. The first two parameters and the third parameter correspond to those of the baryon and meson, respectively, while the last shows that the distance between the center of mass of the baryon and the meson approaches infinity. In fact, as we can see from the transformation matrix in Eq. (39), the ground state, |Ψ g , for I = 1/2 is exactly equal to -(p) 1 ⊗ (J/ψ) 1 corresponding to |ψ 1 in Eq. (38), which means that the ground state corresponds to the isolated p and J/ψ state in the relative S-wave.
It is useful to inspect the expectation value of the Hamiltonian for the state |ψ 1 to understand why the separated p and J/ψ configuration becomes the ground state. First, the hyperfine potential -
3m2 2 , which is exactly equal to the sum of the expectation value of the p and J/ψ with the first term (the second) coming from the p (J/ψ). Moreover, as discussed before, the lowest eigenvalue of the hyperfine matrix is not so different from this value, suggesting that the attraction in the color octet p and J/ψ is not so strong attraction. As for the confinement potential, as can be seen from Eq. (A1)-(A2) in the Appendix, the first diagonal components consist of the terms corresponding to the p and J/ψ only. Therefore, the only mass difference between the pentaquark and the p + J/ψ channel comes from the additional kinetic term, which vanishes for the separated p + J/ψ state. Using the last term in Eq. (10), one can estimate the additional kinetic energy to bring the p and J/ψ together. Taking a 4 ∼ 2 fm −2 , which corresponds to a separation of about 0.7 fm, one obtains an extra kinetic energy of 200 MeV, making the energy of the compact pentaquark state to be around 4290 MeV. Even if we allow the other three states to mix, which could bring in small additional hyperfine attraction, the additional confining potential will conspire to keep the (p) 1 ⊗ (J/ψ) 1 state the dominant compact configuration. Obviously, such a compact state would just fall apart into the p + J/ψ state and thus not be stable unless the spatial wave function has a small overlap with the final state p + J/ψ [35] . As any configuration generated with |ψ 1 is dominated by the fall apart p + J/ψ state, we need to investigate whether the excited state can be compact and quasistable. To accomplish this, we consider the |ψ 2 , |ψ 3 , and |ψ 4 in Eq. (38) without |ψ 1 . The detailed property of the excited state of this state is given in Table IV . Due to the quantum numbers, except for the p + J/ψ configuration, the excited states can not be written as a sum of a single baryon and meson state. Hence, we find a compact state. However, it can decay into several baryon and meson decay channels and is not stable. As for the color spin part of the potential - 
While the diagonalized hyperfine factor are less attractive than that of the p + J/ψ and Λ c + D * decay channels, it is still more attractive than other decay channels. Nevertheless, the reason why the excited state has energy larger than any decay channel is due to the large contribution from the confining potential. As discussed in the Appendix, the sum of the color matrix are all equal for the four orthonormal states. However, due to the interplay with the kinetic term, the confining part of the potential is most attractive in the p + J/ψ channel. The contributions from the kinetic, confinement and hyperfine interaction terms for the excited pentaquark state as well as separated baryon meson states are summarized in TableV. The large confinement contribution for the pentaquark state can be seen in the TableV. The obtained mass is too large for it to be the one of the recently observed pentaquark states. Moreover, it will decay to all possible baryon meson state and not be stable. To understand the possible quark configuration of the recently observed hidden charm pentaquark state, we systematically construct the isospin ⊗ color ⊗ spin pentaquark states containing two heavy quark and antiquark with I = 1/2 and S = 3/2 that satisfy the Pauli principle. We systematically derive the isospin ⊗ color ⊗ spin states from the color and spin coupling scheme, which is based on the permutation group property. We found that there are four orthonormal state, one of which is the color, spin and isospin corresponding to the proton and J/ψ. Then, by using a spatial trial wave function that is suitable for describing the decay into a baryon and meson state, we perform the variational method to obtain the lowest mass state of the pentaquark with I = 1/2 and S = 3/2. We found that the ground state is the isolated p + J/ψ state and that any compact configuration will also be dominated by the same baryon and meson state, which will thus fall apart decay to the ground state. We further calculate the mass with a excited state, involving the other isospin ⊗ color ⊗ spin states which are orthonormal to the ground state. The mass of the compact exited state is found to be well above all baryon meson decay channel and not stable. We are therefore led to conclude that the recently observed pentaquark state can not be a compact multiquark state within the conventional constituent quark model with only confining and color spin interaction. There could still be intrinsic three or four body quark interaction that might change the situation. Also, hadronic molecular configurations originating from meson exchange can certainly not be handled in the present picture. All such works are topics for future works.
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